Three experiments evaluated the effects of dietary Se and vitamin E on the ultrastructure of spermatozoa, ATP concentration of spermatozoa, and the effects of adding sodium selenite to semen extenders on subsequent sperm motility. The experiment was a 2 × 2 arrangement of treatments in a randomized complete block design. A total of 10 mature boars were fed from weaning to 18 mo of age diets fortified with two levels of supplemental Se (0 or .5 ppm) or vitamin E (0 or 220 IU/kg diet). The nonfortified diets contained .06 ppm Se and 4.4 IU vitamin E/kg. In Exp. 1, the spermatozoa from all boars were examined by electron microscopy. Vitamin E had no effect on structural abnormalities in the spermatozoa. When the low-Se diet was fed the acrosome or nuclei of the spermatozoa was unaffected, but the mitochondria in the tail midpiece were more oval with wider gaps between organelles. The plasma membrane connection to the tail midpiece was not tightly bound as when boars were fed Se. Immature spermatozoa with cytoplasmic droplets were more numerous when boars were fed the low-Se diet, but the occurrence of midpiece abnormalities occurred in boars fed diets with or without Se or vitamin E. Our results
Introduction
Inadequate dietary Se and vitamin E fed to boars results in reduced spermatozoa motility and higher incidences of structural abnormalities in the sperm (Marin-Guzman et al., 1997) . These abnormalities seem 1 1544 suggest that Se may enhance spermatozoa maturation in the epididymis and may reduce the number of sperm with cytoplasmic droplets. In Exp. 2, the concentration of ATP in the spermatozoa was evaluated in the semen of all treatment boars. When the low-Se diet was fed, ATP concentration was lower (P < .01), whereas vitamin E had no effect on ATP concentration. Experiment 3 investigated the effect of diluting boar semen with a semen extender with sodium selenite added at 0, .3, .6, or .9 ppm Se. Three ejaculates from each boar were used to evaluate these effects on sperm motility to 48 h after dilution. Sperm motility declined (P < .01) when Se was added to the extender, and this decline was exacerbated as the concentration of added Se increased (P < .01). The added Se was demonstrated to be tightly adhered to the spermatozoa. Overall, these results suggest that low Se-diets fed to boars resulted in abnormal spermatozoal mitochondria, a lower ATP concentration in the spermatozoa, and a loose apposition of the plasma membrane to the helical coil of the tail midpiece, but no effect from inadequate vitamin E was demonstrated. Adding sodium selenite to the semen extender reduced sperm cell motility.
to be affected more by inadequate Se rather than by inadequate vitamin E. The tail midpiece of sperm is encircled by a helical coil composed largely of mitochondria. A selenoprotein has been identified in the outer mitochondrial membrane in rat (Brown and Burk, 1973; Calvin and Cooper, 1979) and bull spermatozoa (Pallini and Bacci, 1979) , suggesting that Se has a role in sperm cell development. Sperm mitochondrial alterations and an abnormal plasma membrane attachment to the tail midpiece have been reported in Se-deficient mice (Calvin et al., 1981) . Because mitochondria synthesizes ATP to produce energy, an alteration in mitochondrial ATP concentration could alter energy metabolism and therefore sperm cell function.
Our previous results demonstrated that boar spermatozoa contains glutathione peroxidase (GSH-Px) and α-tocopherol (Marin-Guzman et al., 1997) , suggesting that both Se and vitamin E have a role in preventing peroxide damage to the sperm cell. Brzezinska- Slebodzinska et al. (1995) indicated that vitamin E's role in boar semen was as an antioxidant. When sodium selenite was added to bovine semen, spermatozoa motility was increased, suggesting that adding Se to semen extender may enhance spermatozoa function (Julien and Murray, 1977) .
The use of artificial insemination is increasing in the swine industry, and those factors that may affect sperm cell function merit further investigation. This study evaluated the ultrastructural morphology of boar spermatozoa, ATP concentration in spermatozoa, and the effects of adding sodium selenite to ejaculated boar semen on subsequent sperm motility when boars were fed diets adequate or inadequate in Se and vitamin E.
Materials and Methods
General. The boars used in these trials had been from weaning (28 d of age) to 18 mo of age fed various dietary Se and vitamin E levels whereupon several semen measurements were evaluated (Marin-Guzman et al., 1997) . The experiment was a 2 × 2 factorial arrangement of treatments conducted in a randomized complete block design; diets contained levels of added Se (0 or .5 ppm) provided as sodium selenite or vitamin E (0 or 220 IU/kg) provided as DL-α-tocopheryl acetate. From that study a total of 10 crossbred boars (n = 2 to 3/treatment group) were used for semen collection. The semen from that study was also used in these experiments. Semen was collected from the 10 treatment boars from 12 to 18 mo of age two to three times weekly. When semen was used in the experiments reported herein, it was collected from all boars during the same time frame. Diet compositions, facilities, animal management, semen collection, and measurement procedures were previously described (Marin-Guzman et al., 1997) . Experiment 1. Semen collected from the 10 boars was strained to remove the gelatinous material. A 1-mL sample of the strained semen was immediately pipetted into 2 mL of fixative solution (3% glutaraldehyde, 2% paraformaldehyde, 1.5% acrolein in .1 M phosphate buffer, pH 7.0) for subsequent evaluation by transmission electron microscopy.
Acrosomes, nuclei plasma membranes, and mitochondrial structures were evaluated in the spermatozoa from longitudinal sections by electron microscopy in all boars. Cross-sections of the flagella axoneme were examined for number, orientation, and integrity of the microtubules and dense fibers. Because of the higher incidence of spermatozoa with cytoplasmic droplets when diets were low in Se or vitamin E, those spermatozoa that exhibited this characteristic from all treatment groups were examined by electron microscopy.
Experiment 2. Because the sperm from the Se-deficient boars of Exp. 1 had mitochondrial structural abnormalities, semen collected from the 10 boars was used to evaluate the effects of dietary Se and vitamin E on spermatozoal ATP concentration. The ejaculate was collected and processed as in Exp. 1, but the strained semen was diluted with Kiev extender (60 g D[+]glucose, 3.7 g sodium EDTA, .5 g sodium bicarbonate, .69 g streptomycin sulfate, and .41 g penicillin-G dissolved in 1,000 mL of double-distilled water) to yield a concentration of 80 × 10 6 sperm cells/mL. The ATP content of the seminal plasma was considered negligible (Bracket and Williams, 1967) , and its contribution to total ATP concentration was discounted. Semen samples were subsequently analyzed for their ATP content at 0, 1, and 2 h after dilution. For this assay, samples were homogenized with .7 mL ice-cold perchloric acid, centrifuged for 5 min at 500 × g, frozen in liquid N, and stored at −20°C for approximately 12 h. An aliquot of the homogenate (.5 mL) was taken and .1 mL of phosphate buffer (.1 M, pH 7.4) was added. Additions of 30% KOH were made to attain a pH between 6.0 and 7.5, whereupon assays for ATP concentration were conducted by the method outlined by Hohorst et al. (1959) .
Experiment 3. Strained ejaculates collected from each of the 10 treatment boars at three different times were diluted with the Kiev extender in a ratio of 1:10 (semen:Kiev extender). Prior to semen dilution, sodium selenite was added to the extender at four different Se concentrations (0, .3, .6, or .9 ppm). Initial (0 h) sperm motility of each sample was determined by placing approximately 25 L on a prewarmed (37°C) microscope slide; spermatozoa motility was determined as described previously (Marin-Guzman et al., 1997) . The remaining diluted semen sample was placed in a polyethylene bottle and maintained at room temperature (20°C) in a darkened room. At 24 and 48 h after dilution, 25-L samples were placed on prewarmed (37°C) microscope slides and spermatozoa motility was determined.
Semen subsamples from each of the above samples were collected at 24 h after dilution and frozen at −20°C for later determination of spermatozoa Se content. For this determination, approximately 7 mL of each sample was centrifuged at 3,000 × g at 4°C for 30 min, then the sperm pellet was washed and resuspended in saline solution (.85% NaCl). This process was repeated twice to remove Se loosely bound to the spermatozoa. Approximately .1 g of the sperm cell pellet was subsequently analyzed for its Se content by the method of Koh and Benson (1983) . Samples from the .9 ppm Se group had been lost and were unavailable for Se analysis.
Statistical Analysis. Experiment 2 was analyzed as a completely randomized design in three replicates. Exp. 3 was analyzed as a 2 × 2 × 3 factorial arrangement in a split-plot design conducted in three replicates with the two dietary Se and vitamin E concentrations evaluated over three time periods. In Exp. 3 the boar was the main plot with hour after dilution as the sub-plot. Statistical analyses of both experiments were performed using the General Linear Model procedure of SAS (1985); boar was considered the experimental unit. 
Results
Electron micrographs from Exp. 1 showed no structural abnormalities in the acrosome or nuclei in the spermatozoa from any treatment group. Cross-sections of the boar spermatozoal tail midpiece also showed no effect of inadequate dietary Se or vitamin E on the integrity, number, and orientation of the dense fibers and microtubules (electron micrographs not shown).
Longitudinal sections of spermatozoal flagella, however, demonstrated an alteration in the tail midpiece when boars were fed the low-Se diet. The mitochondria within the helical coil of the tail midpiece seemed to be more oval when the low-Se diet had been fed ( Figure  1 ), whereas the organelles were oblong when boars were fed diets supplemented with Se (Figure 2 ). Boars fed inadequate Se also seemed to have wider gaps between adjacent mitochondria (Figure 1 ), whereas when Se was fed there was a closer association of these organelles (Figure 2) . Boars fed the low-Se diet also had a looser contact of the plasma membrane to the helical coil (Figure 1) , whereas Se-supplemented boars had a closer apposition of this membrane to the tail midpiece ( Figure  2 ). These effects were not observed when the low-vitamin E diet was fed.
Spermatozoa with cytoplasmic droplets were obtained from boars that were fed either the low-Se or Se-fortified diets, but the mitochondrial alterations and loose apposition of the plasma membrane only occurred when boars were fed the low-Se diets (Figure 3) .
The effect of dietary Se and vitamin E on spermatozoal ATP concentration in Exp. 2 is presented in Table  1 . Boars fed diets with added Se had a higher (P < .05) ATP concentration at each measurement period compared with boars fed the low-Se diet. Dietary vita- min E had no effect (P > .15) on spermatozoal ATP content.
Higher ATP metabolic concentration occurred 1 h after dilution compared with that determined initially (0 h) or 2 h after dilution (P < .05). This response occurred regardless of supplemental Se or vitamin E fed Figure 3 . Transmission electron micrograph (90 K) of a longitudinal section of a spermatozoa with a cytoplasmic droplet from a Se-deficient boar. The mitochondrial array and shape were altered, leavng gaps between adjacent organelles. Mitochondria presented an oval shape rather than the normal oblong shape. There is also a loose apposition of the plasma membrane to the tail midpiece. to the boars. The higher ATP content at 1 h after dilution is attributed to the larger amount of carbohydrate metabolized from the Kiev extender. The addition of sodium selenite to the semen extender on subsequent sperm motility is presented in Table 2 (Exp. 3). The initial semen samples from Se-or vitamin E-fed boars had a higher percentage of motile sperm (P < .01) than the samples from boars fed diets inadequate in Se or vitamin E. When inorganic Se was added to the semen extender, a decline in sperm motility occurred in all samples by 48 h after dilution (P < .01). This resulted in a three-way time × Se added to extender × boar dietary Se interaction response (P < .01). These findings demonstrate that although sperm motility was lower when boars were fed inadequate Se or vitamin E, the addition of inorganic Se to the semen extender further lowered sperm motilities in all dietary treatment groups, and that as the level of Se added to the extender increased sperm motility was further reduced. This effect was exacerbated with time after dilution. These observations are, however, in contrast to those of Julien and Murray (1977) , who reported enhanced sperm motility when sodium selenite was added to bovine semen.
Sodium selenite addition to the semen extender also resulted in a higher Se concentration in the spermatozoa, regardless of whether Se had been added to boar diets. The quadratic response (P < .01) in spermatozoa Se content demonstrated a greater retention of Se from 0 to .3 ppm Se than when .6 ppm Se was added to the extender (Table 2) . Because we had extensively washed the sperm prior to Se analysis, our results imply that the Se was strongly adsorbed to the sperm cell.
Discussion
The feeding of low-Se (.06 ppm) or low-vitamin E (≤ 4.4 mg/kg) diets to boars from weaning to sexual maturity had no apparent effect on the structural integrity of the acrosome, its membrane covering, or the nuclei of the boar's sperm cell. Membranes surrounding the spermatozoa head, however, differ structurally from those surrounding the flagellum (Peterson and Russell, 1985) . However, Se seemed to be involved in the structure of the spermatozoa tail midpiece, the shape and(or) array of the mitochondria within the coil, and contact of the coil with the outer plasma membrane of the tail midpiece.
The abnormal mitochondrial structural observations reported in our study are in general agreement with those found in Se-deficient mice (Wu et al., 1979) . Sperm mitochondria of birds and mammals are normally oblong and arranged in a tight helical coil around the central core of the tail (Bakst and Howarth, 1975; Phillips, 1977; Calvin et al., 1981) .
It was also clear from our study that the ATP content of spermatozoa mitochondria was lower when the lowSe diet was fed to boars. The spermatozoa from boars fed Se had approximately 25% greater ATP concentration than those from boars fed the low-Se diets. This response was similar to the 27% greater sperm motility we reported earlier when Se was added to boar diets (Marin-Guzman et al., 1997) . Dietary Se fed to the boar, therefore, seems to affect the metabolic activity of spermatozoa in the ejaculate, and thus could contribute to a lower motility and subsequent fertilization rate in the female, consistent with our previous report (MarinGuzman et al., 1997) .
Spermatozoa that are immature at the time of ejaculation often contain cytoplasmic droplets. A higher incidence of cytoplasmic droplets had been previously demonstrated when boars were fed diets low in either Se or vitamin E (Liu et al., 1982; Marin-Guzman et al., 1997) . Spermatozoa with cytoplasmic droplets were obtained from boars fed either the low-Se or Se-fortified diets, but the mitochondrial alterations and loose apposition of the plasma membrane had only occurred when boars were fed the low-Se diets. Because higher fre-quencies of cytoplasmic droplets seemed to occur when diets were low in Se and(or) vitamin E, the dietary inadequacy of these nutrients may delay the maturation process of spermatozoa in the epididymis, thus giving rise to more cytoplasmic droplets in the ejaculate.
It has been previously demonstrated that the active form of Se is the seleno amino acid selenocysteine. Research has shown that Se is bound to cysteine-rich proteins localized on the outer membrane of rat (Calvin and Cooper, 1979) and bull (Pallini and Bacci, 1979) spermatozoal mitochondria, not in the dense fibers (Baccetti et al., 1973; Calvin et al., 1975) . Consequently, this seleno amino acid may help retain the close contact of the membrane to the tail midpiece. The loose apposition of the plasma membrane to the helical coil and the presence of abnormally shaped mitochondria observed in boar spermatozoa further support this conclusion and the structural role for Se in boar spermatozoa.
Incorporation of Se into the seleno protein fraction of the mouse, rat, ram, and bull spermatozoa seems to be completed during the early maturation phase of spermatogenesis (Gunn et al., 1967; Gunn and Gould, 1970; Smith et al., 1979; Pond et al., 1983; al., 1987). Mitochondrial protein synthesis in ejaculated spermatozoa has been noted in bulls (Premkumar and Bhargava, 1972) , humans (Mujica, 1976) , mice (Bragg and Handel, 1979) , and rams (Ahmed et al., 1984) . Our study supports the concept that Se is incorporated into the functional selenoproteins of the spermatozoa midpiece during early spermatogenesis. We had also previously reported a relatively high GSH-Px activity and high vitamin E content in boar sperm (Marin-Guzman et al., 1997) , whereas Li (1975) reported a relatively low Se-dependent GSH-Px activity. The reason for this difference is unclear, but any GSH-Px or vitamin E that is present in boar semen probably serves an antioxidant function in sperm cell function. Boar spermatozoa have been reported to have very little catalase activity (Mann, 1964) . Spermatozoa and seminal plasma superoxide dismutase activity is, however, present in both boars and rabbits (Menella and Jones, 1980; Holland et al., 1982) . Hydrogen peroxide and the superoxide ion are secreted by rabbit spermatozoa (Holland et al., 1982) , suggesting that an antioxidant mechanism is necessary to prevent free-radical damage to the sperm cell.
Because the spermatozoa of boars fed the low-vitamin E diet did not exhibit any structural abnormalities, it is probable that vitamin E in the boar sperm cell functions principally as an antioxidant in the sperm cell. Brzezinska-Slebodzinska et al. (1995) demonstrated that vitamin E was a potent antioxidant in boar semen. However, Jones and Mann (1977) found that when α-tocopherol was added to ejaculated semen, the spermatozoa were not protected from peroxide damage. We previously demonstrated no α-tocopherol in boar seminal plasma but did indicate that it was present in the spermatozoa (Marin-Guzman et al., 1997) .
Sodium selenite added to strained boar semen was quite detrimental to sperm motility. Alabi et al. (1985) had reported that when high concentrations of Se (10 −2 M) were added to semen extender, a detrimental effect on ram sperm motility and oxygen consumption occurred. Van Vleet (1982) had shown that heavy metals can chelate with Se, making both groups of elements unavailable. Our results, therefore, indicate that a deficiency of Se in reproducing boars can produce spermatozoa with mitochondrial alterations, abnormal tail morphology, and a decreased ATP concentration in the spermatozoa, and a poor contact of the plasma membrane to the helical coil. These effects collectively contributed to the reduced sperm motility and low fertilization rates that we previously demonstrated (Marin-Guzman, et al. 1997) . Although there may be several antioxidant mechanisms that are functional in boar sperm and(or) semen, it is their combination of antioxidant properties with the sperm cell that probably helps to maintain the integrity of spermatozoa membrane. Several reports suggest that although Se and α-tocopherol have antioxidant roles in the spermatozoa, their addition to semen extenders may have little value in improving sperm cell function, and in the case of added selenite may in fact be detrimental.
Implications
Boars fed diets inadequate in Se have spermatozoa with structural abnormalities in the tail midpiece. Mitochondrial shape and orientation and the apposition of the plasma membrane to the tail seem to be disrupted when inadequate dietary Se is fed to boars. Sperm cell ATP concentration was approximately 25% lower when inadequate dietary Se was fed to boars. There was no benefit in adding inorganic Se to semen extenders on sperm motility. Vitamin E seems to have no effect on sperm cell structural abnormalities but probably serves as an antioxidant in the sperm cell.
